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We report the results of an experimental investigation of the proximity effect in sandwiches of
amorphous Bi-Fe and amorphous Sn-Fe. The measurements on a-Bi films resolve a controver-
sy concerning its coherence length while that derived for a-Sn is consistent with values reported
from critical-field measurements. The pair penetration depths determined from a new an llysis
technique are consistent with values derived from other proximity experiments which employ
Fe normal layers. A linear decrease of the transition temperature with resistance per square lnd
inverse film thickness, an apparently universal characteristic of amorphous superconducting
films, was also observed in these experiments.
I. INTRODUCTION
The proximity effect on a superconductor in inti-
rnate contact with a ferromagnetic normal metal has
been studied by several authors. ' These experi-
ments are characterized by very strong proximity ef-
fects due to strong pair breaking by the ferromagnetic
domains of the normal metal. Hauser et al. ' and
Kircher' have demonstrated this for gadolinium, iron,
and nickel normal layers.
Hauser er al. ' (HTW) have extended the de
Gennes-Werthamer theory of proximity effects" to
include sandwiches with ferromagnetic normal-metal
layers by the inclusion of the average lifetime, 7, of a
Cooper pair inside the ferromagnetic material which
can be expressed in terms of the de Gennes extrapo-
lation length b, In addition to this parameter, the
theory is described in terms of microscopic parame-
ters peculiar to both the normal-metal layer and the
superconductor. Fortunately, the theory is not partic-
ularly sensitive to the normal-metal parameters, at
least in the thick-film limit; consequently, Lejeune
and Naugle' have suggested that the proximity effect
with ferromagnetic normal-metal layers can provide a
simple method which does not require a magnetic
field to measure the coherence length of the super-
conductor, gs.
Most experiments with the proximity effect have
relied on the calculation of gs from measured
normal-state properties and used b as the parameter
to be fitted to the data. For the amorphous super-
conducting films many normal-state properties, in
particular, the specific heat, have not been measured.
Lejeune and Naugle assumed b =0 and fitted the
data to determine gs. Their value of gs =60 A for
amorphous Bi films agreed well with an independent
determination based on paraconductance measure-
ments (gs =63 A) by Silverman, '0 but these values
disagreed with the coherence length calculated from
paraconductance measurements with a perpendicular
magnetic field by Silverman" (ps =46 A) and upper
critical field measurements, H, 2(T), by Bergmann"
(gs =44 A). The larger values were determined
from experiments which require accurate knowledge
of the film thickness whereas the latter results are in-
dependent of thickness measurements but require a
perpendicular magnetic field.
Three possibilities to explain the two different
values of (s from the four experiments are apparent.
The most obvious is that the thicknesses measured
for the two experiments were in error and that their
agreement was fortuitous. Silverman" has suggested
that expansion of the a-Bi films on crystallization to
the semimetal phase which occurs before film thick-
ness measurements can be made would lead to con-
sistently larger measured values of thickness than ac-
tually exists for the amorphous films. A third possi-
bility is that the coherence length could depend on
magnetic field which would give two values, one for
experiments which need a magnetic field and another
for those in zero field.
We report proximity effect experiments between
a-Bi and a-Sn superconducting films and Fe over-
layers. Particular care was taken in film thickness
determinations and in the analysis the data was
weighted according to thickness measurement uncer-
tainties. Amorphous Sn was chosen because the den-
sity change of Sn on melting is small and therefore
thickness measurements after crystallization should
differ only slightly from the true thickness of the
amorphous Sn. An improved fitting procedure was
used which allowed determinations of both the
parameters (s and 6 and the results were compared
with determinations of gs for these two materials
based on independent experiments. We believe that
these results resolve the controversy on the value of
g~ for a-Bi and demonstrate that indeed accurate
values of gs may be obtained from proximity effect
measurements. Additionally the thickness depen-
dence of T, for a-Sn films is reported.
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II. SUMMARY OF THE HT% THEORY
The.HTW theory of the proximity effect between a
superconductor and a ferromagnetic metal is an ex-
tension of the formulation of Werthamer. ' For
sandwiches with nonmagnetic normal components,
the transition temperature of a proximity sandwich is
given by four equations:
&(gs'ks') =in(T.s/T, ) .
x( —g~zk~) = ln(T, ~/T, )
asks tan(ksDS) &Nkvd tanh(kgb)
x(y) = P( —,' + —'y) —p( —'), (3)
)r( —g~k~ + a/t) = ln ( T,~/ T, ) (6)
where a =t/2rrrksTs. Here r is the effective spin-
scattering lifetime of a Cooper pair in the N material
and t = T,/T, s. Equations (1) and (3)—(6) then ex-
press the HTW theory.
As shown by Hauser and co-workers, 6 the role of
the parameter ~ can be equivalently expressed in
terms of the de Gennes extrapolation length
b = [d Ink/dz] ' at the N Sinterface. With-the ex-
plicit solution' for h(r), Eq. (3) can be solved (in the
limit kND& )) 1) to give
kw psb/pN
where p= I/a. In addition, if the X function is ap-
proximated by the expression'
X(y) = 4 m' ln(1+y), —1 (y ~ 0
and if n » 1 and T,& =0, then the depth of penetra-
tion of Cooper pairs into the normal material is
kN ( r +F I/3 )N
which depends only on the electronic properties of
where T,q and T,~ are the transition temperatures of
the superconductor (S) and the normal metal (N),
respectively, D~ and D& are the thicknesses of the in-
dividual sandwich components, crq and cr& are the
normal-state conductivities of each sandwich com-
ponent, and the subscripts S and N refer to the su-
perconducting and normal sandwich components,
respectively. Additionally, P(y) is the digamma
function defined and tabulated in Ref. 13, and the
coherence lengths $Ns are defined by the relation
gw's = (t~il/6rrks)usTc ' .
where t is Planck's constant (divided by 2n ), ks is
Boltzmann's constant, vq is the Fermi velocity, and /
is the mean-free path of electrons.
Hauser et al. ' effectively extended these equations
to apply to ferromagnetic N layers by replacing Eq.
(2) with the expression
the normal component. Finally, if D& » b, it fol-
lows that
ks = rr/2 (Ds+ b) (10)
This allows Eqs. (1), (3), and (6) to be replaced by
the single expression
2(2 I
,
=in(T,slT, ),
4 Ds+b
which describes the general case in which Cooper
pairs diffuse across the N-S interface and remain
correlated for some short distance into the ferromag-
netic metal. The effect of the magnetic nature of the
N component is expressed in Eq. (11) through the
dependence on the extrapolation length b. As
Hauser et a/. have pointed out, however, k~', not b,
is the appropriate measure of the depth of penetra-
tion of Cooper pairs into the N metal.
III. EXPERIMENTAL DETAILS
The features of the apparatus and most of the pro-
cedures employed are dictated by the stringent condi-
tions which must be met in order to successfully
measure. the properties of proximity sandwiches.
Most importantly, the N-S interface must be kept
free of interlayer oxidation as such an insulating layer
between the sandwich components decouples the
films and suppresses the proximity effect. It is also
important to limit interlayer diffusion, as this process
also suppresses the proximity effect. '
Measurements were performed in the high-
vacuum, cold-finger cryostat described in detail by
Naugle et a/. " The proximity sandwiches were
grown in situ on a quartz substrate mounted on a
copper block attached to a liquid-helium (LHe) reser-
voir. The substrate communicates with the evapora-
tion oven through a series of shuttered windows in
the surrounding light-tight radiation shields, one at
liquid-nitrogen temperature and the two inner at
liquid-helium temperature. The shutters can be ac-
tuated from outside the cryostat, allowing the sub-
strate to be optically isolated from the remainder of
the vacuum chamber by the three cryogenic shields
during measurements. Temperature measurements
were provided by a calibrated Ge resistance ther-
mometer.
Conventional pumping was provided by a six-inch
water-cooled diffusion pump. Considerable cryo-
pumping also occurred due to the cold shields and
reservoirs inside the vacuum chamber. The ultimate
pressure measured at the outer wall of the vacuum
chamber was approximately 10 ' torr, although we
estimate the residual gas pressure at the substrate to
be at least an order of magnitude lower due to dif-
ferential pumping by the cold shield.
A dual mask system was used to deposit each com-
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FIG. 1. Residual resistance per square of a-Bi and a-Sn
films as a function of inverse thickness. The evaporation
masks are shown as an inset.
ponent of the sandwich through a mask of different
cross-sectional area. The masks used are shown as
an inset in Fig. 1. Mask 1 was fixed directly over the
substrate. Mask 2 was mounted in a track in front of
mask 1 and aligned so that its horizontal segments
were centered over the corresponding segments of
mask l. A latching mechanism was activated from
outside the cryostat to engage mask 2 and pull it
below the level of the substrate, thereby exposing
mask 1. This system allowed the S component of
each sandwich to be deposited through the narrow
pattern of mask 2, and the N component, through
the wider pattern of mask l.
A large body of data characterizing a-Bi already ex-
ists including measurements of transition tempera-
resistivity t7 paraconductance to' 1 1' )8 uppe
critical field, "and penetration depth. ' Although the
data available for a-Sn are not as extensive, sufficient
results exist for comparison with this experi-
ment. "' " Even at the low temperatures at which
they are grown ( ( 10 K), these materials require
small concentrations of impurity elements to stabilize
the amorphous phase. The bismuth samples mea-
sured in this study were alloyed with 3 at. % thallium.
Tin samples were alloyed with 14 at. % copper, H igh
purity (99.99%) shot was used as the source material
for the alloys. Appropriate weights were mixed and
melted under vacuum in a quartz tube. The mixture
underwent at least four cycles of melting and agita-
tion to ensure homogeneous alloy composition.
The superconductor was evaporated from a Ta
band through both masks and quench condensed in
the amorphous phase'6 2' onto the cold ( ( 10 K)
quartz substrate. Deposition rates were 2—4 A/s. By
exposing each segment of the mask at successively
later times, five films of different thickness were
deposited each run. At the conclusion of the evap-
oration, all shutters were cfosed to isolate the film
from residual gases in the cryostat,
The ferromagnetic samples consist of 99.99% pure
Fe wire evaporated from a % source. The details of
the Fe evaporation are similar to above with the ex-
ception that only mask 1 is in place. Iron is deposit-
ed on the superconductor until the resistance of the
sandwich is observed to decrease. This procedure
generally yields uniform Fe overlayers with thick-
nesses in the range from 50 to 100 A.
Several comments concerning the characteristics of
the sandwiches grown in this manner are in order.
The alloy composition of the superconducting films is
expected to be very nearly that of the original alloys.
This is due primarily to the approximately equal va-
por pressures of the constituent elements. In addi-
tion, surface roughness and ipterlayer diffusion are
both expected to be minimal. The latter mechanism
has been reported virtually absent in films which are
quench condensed, ' Surface roughness, however, is
determined primarily by the choice of samples.
Amorphous superconductors generally exhibit excel-
lent homogeneity and uniformity of growth. ' This is
borne out by the small average thicknesses at which
the samples of this study became electrically continu-
ous ( = 30 A for a-Bi and = 45 A for a-Sn).
After the S films were deposited, transition curves
were recorded for each film on an x-y recorder
while both warming and then cooling the- film. The
transition curve for the first film was repeated after
completion of that for the last, approximately thirty
minutes after completion of the deposition of the su-
perconducting films, and the Fe overlayer then de-
posited. Differences between the transition curves of
a given film were always less than 0.6 mK,
After deposition of. the Fe overlayer, a second set
of transitions was, measured to characterize the
sandwich transition temperatures. The data
represented by the two sets of profiles, along with
measured values of Dq, completely characterize the
proximity effect of each sandwich.
The S component thickness was measured sepa-
rately for. each sandwich using the method of Tolan-
sky." Because each sandwich component was grown
through a different mask, the resulting sandwiches
were terraced, thereby allowing the thickness of ei-
ther component to be measured directly at the film
site. After removal from the cryostat, the S com-
ponent of each sandwich was measured five times to
determine a reliable average value for Dq. In prac-
tice, the uncertainty in these average values was ap-
proximately +30 A. In addition, the interference
pattern associated with each film was photographed to
provide a permanent record of the thickness data and
to allow verification of the original thickness mea-
surements from an enlarged print. Thickness mea-
surements made from the photographs generally
agreed with those made directly on the films to
within + 20 4 and were subject to the same uncer-
tainties.
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IV. RESULTS AND ANALYSIS
A. S component characteristics
Ro = WRAWL =plDs (12)
The residual resistance and transition temperature
was measured in order to characterize the S com-
ponent. For comparison between films of different
dimensions it is convenient to express resistances in
terms of the resistance per square R~, a normalized
quantity defined by
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where L, W, and D~ are the length, width, and thick-
ness, respectively of the superconducting film, p is
the electrical resistivity and R is the film resistance.
Thus, R~ can be calculated for each film from a
knowledge of the film resistance and dimensions.
Figure 1 is a plot of the residual resistance per
square of the S films as a function of reciprocal thick-
ness. The ratio of film length to width is measured
for all of these films to be 12.95+5%. This results
in values of R
~
which correspond to p = 1.39 x 100 m for the a-Bi films which may be compared to
values of 1.55 x 10 0 m reported by Naugle et al. "
and 1.60 x 10 6 0 m by Bergmann. " The resistivity
of a-Sn is calculated from this data to be 0.40 x 10
0 m as compared to values of 0.45 & 10 0 m and
0.47 x 10 0 m reported by Korn ef ai. ' and Berg-
mann, " respectively. The discrepancies between the
previously published values of p for each of these
amorphous superconductors and the values we report
here are most likely due to inaccuracies associated
with measurements of the thickness of the S com-
ponent of each sandwich. It should also be noted,
however, that the S films are grown through a mask
(mask 2) which is mounted several millimeters above
the substrate. This may have resulted in broadening
of the edges of the films which contributes to the er-
ror in our resistivity determination.
Naugle et al. ' have shown that the transition tem-
perature T,q of most amorphous superconductors is
thickness dependent and is described by an equation
of the form
~ /
Tes = To K /Ds = To KR—o
where K, K, and To are positive constants. The
value of To corresponds to the transition temperature
of a bulk (infinitely thick) film, whereas the values
of K and K should remain constant for a given su-
perconductor over a wide range of thickness. Figures
2 and 3 are, respectively, plots of T,~ vs D~ ' and T,~
vs R~ for the a-Bi and a-Sn films. Ten films for
each material are shown representing two experimen-
tal runs for each. All other data collected for films of
these alloys exhibit the same general characteristics.
Values calculated for K and K are shown in Table I
with the corresponding results for a-Bi of Naugle
I I I
3 4 5
D ' of a-Bi (10-3 A-" )
FIG. 2. Transition temperature of a-Bi and a-Sn films as
a function of inverse film thickness.
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FIG. 3. Transition temperature of a-Bi and a-Sn films as
a function of residual resistance per square.
et al. "and excellent agreement is observed.
Values determined for To of a-Bi vary slightly
between runs. In general, these values are distribut-
ed in the range from 6.10 to 6.19 K. Because the
characteristic uncertainty in the transition tempera-
ture measurements is always less than 40 mK, these
variations cannot be explained in terms of experi-
mental error alone. Rather, it is more likely that
these discrepancies reflect small changes in alloy
composition due to distillation of one component
from the source over a period of several runs. This
view is supported by a general trend in the data
which indicates that repeated use of the same source,
without replenishment, results in successively lower
values of To. Upon replenishment, however, mea-
sured values of To are restored to near the top of the
range.
The data for a-Sn films exhibit the same general
behavior as observed in the a-Bi films. Values of
To(6.66—6.72 K) for the a-Sn films are comparable
to T, =6.62 K reported by Bergmann" for a 1620 A
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TABLE I. Values of K, K, and K for some amorphous superconductors.
Author Material
K
(K. A)
K
(K. kn-') K(kO ')
Naugle et al. '"
This work
This work
Naugle eI al. "'
Naugle e1 af. '
a-Bi
a-Bi
a-Sn
a-pb
a-Ga
62+ 9
51+ 7
11+3
45+ 7
22+ 5
3.9+ 0.6
3.7+ 0.6
2.8+ 0.8
4,7+ 0.3
6.8+ 1.3
0.63 ~- 0.05
0.60+ 0.09
0.41+ 0.15
0.68+ 0.05
0.80+ 0.15
"'Reference 17.
amorphous film of the same alloy.
Naugle et ai. ."have noted an interesting property
of the transition temperatures of films of a-Bi, amor-
phous lead (a-Pb) and amorphous gallium (a-Ga).
Their results show a remarkable universality of
behavior with respect to the value of the constant
K =K/To Values o.f K determined from this study
are tabulated with that for these other amorphous su-
perconductors in Table I. It is interesting to note
that, within experimental error, this constant is the
same for the four different amorphous superconduc-
tors.
B. Proximity effect
All proximity effect data gathered during the
course of this study were analyzed according to the
model of Eq. (11). The form of this expression,
however, is not well suited to analysis since both
parameters of interest (gs and b) occur in the argu-
ment of the X function. This complication is
remedied by recasting Eq. (11) into a slightly dif-
ferent form by taking the inverse X function, X, of
each side. A slight rearrangement of terms then
600
400
gives
Ds = gsX ~~2 b
where
X = 4r x( —Inr)/n' .
(s = 0's/r'", (16)
and the reduced transition temperature t is defined to
be T, /T, s.
The calculation of L' is performed using the experi-
mentally determined value of t for each sandwich.
The calculation of X is achieved by linearly interpolat-
ing the table of digamma functions in Ref. 13. The
values of X thus determined are estimated to be accu-
rate to five significant figures.
The uncertainty 5(X '~') associated with the value
of X ' is calculated numerically for each data point.
This uncertainty never exceeds + 3%, thereby indicat-
ing that the uncertainty in the film thickness mea-
surements should play the dominant role in the
determination of gs and b For this re.ason, only
thickness error bars are shown in the figures.
Figure 4 shows the proximity effect data plotted ac-
cording to Eq. (14). The optimum values of (s and 6
are determined from a weighted least-squares fit to
the data and are shown in Table II. Values are also
calculated for the pair penetration depth with
p&, =1.11 x 10 0 m after Ref. 1. These results are
also shown in Table II.
g 200
IJJ
Z:
U 0
TABLE II. Parameters characterizing proximity sandwiches
with iron N component.
200
S component
4.s(A)
b
(A) (A)
FIG, 4. S component thickness as a function of X ' 2 for
(a-Bi)-Fe and (a-Sn)-Fe proximity sandwiches,
a-Bi
a-Sn
42+ 2
58+ 2
22+ 15
19+ 12
27+ 20
7+4
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FIG. 5. The parameter X'~ as a function of inverse film
thickness for (a-Bi)-Fe and (a-Sn)-Fe proximity sand-
wiches. The solid lines are drawn using (& and b from
Table II. Dashed lines are similarly constructed using (&
from Table II and b =0.
TABLE III. Values of (& for a-Bi and a-Sn.
Author Material
(p(A')
Lejeune and Naugle"'
Silvermanb
S il verman'
Berg mann4
This work
Berg mann4
This work
a-Bi
a-Bi
a-Bi
a-Bi
a-Bi
a-Sn
a-Sn
60+ 4
63
46+ 6
44
42+ 2
66
58+ 2
"'Reference 5.
Reference 10,
'Reference 11.
Reference 12.
In light of the large uncertainties associated with b
and kN ' for each sandwich type, it is reasonable to
question whether the data can be equally well
described by the simpler model used by Lejeune and
Naugles which assumes that b =0. To further il-
luminate this question, the data is plotted in the form
X'~' vs Dq ' in Fig. 5. In each case, the solid curve is
calculated with values for gs and b from Table II.
The dashed line is calculated with the same value for
gs but with b =0. In each case the data appear to be
better described by the nonzero value of b which sug-
gests that the values obtained for b and kN ' are signi-
ficant.
Values of gs for a-Bi and a-Sn as determined by
other experiments are tabulated with the results of
this work in Table III. With respect to the a-Bi
results, the proximity effect study of Lejeune and
Naugle5 (LN) is most similar to this work, but the
value of gs reported is significantly larger. The prin-
cipal difference between the experiments is that LN
grew both sandwich components through the same
mask; thus the S and Ã components were not
separately resolvable, so that a method of indepen-
dently determining one or the other was needed. LN
accomplished this by mounting a glass slide on the
bottom of the mask in such a way as to be exposed
only during the Fe evaporation. An obvious defect
in this procedure is that an additional measurement
must be made to determine the thickness of the S
component which introduces an additional + 30 A
random error. The possibility of nonuniform vapor
flux due to source characteristics could further in-
crease the uncertainty in the value of D&. Although
we are unable to reproduce the filament geometry for
the iron deposition used by LN, we now suspect that
flux nonuniformity may have increased the LN thick-
ness errors.
The errors associated with the thickness rneasure-
ments in the present experiment have been at least
halved from those of LN by the introduction of the
dual mask deposition system. Also, the parameters
gs and b were determined by a fit for which the data
-points were weighted according to their uncertainties.
Consequently we are considerably more confident in
the thickness values and thus the values of gs with
this experiment.
The paraconductance experiments of Silverman
were carried out under two different sets of condi-
tions. The first set of measurements' was per-
formed in the absence of magnetic field, whereas the
second set" was performed in a perpendicular mag-
netic field. Each experiment produced a different
value for gs. The larger value, resulting from the
first experiment, required measurement of the associ-
ated film thickness for its determination. Although
we are unaware of the details of the thickness mea-
surements made by Silverman, it is interesting to
note that Silverman, himself, in the latter work, " in-
dicates that the thickness measurements may not be
reliable. The thickness independent value reported in
the later experiment, however, agrees well with this
work, as can be seen from Table III.
Calculations of gs made from measurements" of
upper critical magnetic field (H, 2) as a function of
temperature for a-Bi and a-Sn films provide addi-
tional corroboration for the results obtained from this
study. In addition, these calculations provide the
only comparison presently available for the a-Sn
results.
Comparison of the results pertaining to the N com-
ponent properties are complicated by the need to
compare with other proximity effect experiments with
the same components. This results from the fact that
b is not solely a property of the N component but
- depends on the properties of the superconductor as
well. The pair penetration depth, however, is deter-
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mined only by the' properties of the ferromagnetic
material, as Eq. (9) indicates. Therefore, any prox-
imity effect experiment which employs Fe as the N
component should produce the same value of k/v '.
The best we can say of the values of k~' in Table II
is that they are consistent within the rather large un-
certainties. They are also consistent within the un-
certainties with the value k~ =6 A given by Hauser
et al. ' but we do not believe that this comparison is
significant since they estimated the value of (' from
the relation
g = (~ok, /6r, e'py) '~',
where y is the Sommerfeld constant. This expression
is equivalent to Eq. (5) of Sec. II. In addition to the
fact that the uncertainties propagated through the cal-
culation of gz can become quite large, the value of
yF, used corresponds to crystalline iron. This value
is quite likely inappropriate for the microcrystalline or
amorphous Fe which comprises the N component of
the sandwiches.
It should be noted that good values of the coher-
ence length can be obtained for relatively thick films
(Ds ~ 10$&) with b =0. Furthermore, the values of
both b and k~ ' are less than the mean thickness re-
quired for film continuity which should approximate
the peak-to-peak surface roughness. Thus, the physi-
cal interpretation of the fitted value of b is perhaps
not as straightforward as the theory would indicate.
V. SUMMARY AND CONCLUSIONS
These proximity effect experiments have resolved
the controversy over the value of the coherence
length for a-Bi. The preponderance of evidence now
indicates it should be fs = 42+ 2 A. They also sup-
port the HTW theory of proximity effect with a mag-
netic normal metal.
The measurements of T,& as a function of R~ may
be described by Eq. (13) where K =K/To is essen-
tially the same constant for the four amorphous su-
perconductors for which such data is available. To
date there is no theoretical justification for this ap-
parent universal behavior.
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